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acetylcysteine; thiourea; oxidation; nucleophilic addi-
tion; regioselectivity; cyclic voltammetry; electro-The metabolism of catechols often involves their oxi-
chemistry; melanin; tumor; Parkinson’s disease; insectdation to quinones and subsequent nucleophilic addi-
cuticle.tion reactions with sulfur-containing compounds. Ad-

ducts formed during these reactions may play im-
portant roles in many biological systems. We have
studied the electrochemical oxidation of N-acetyldo-

Catechols and their quinone derivatives are abun-pamine (NADA) and N-b-alanyldopamine (NBAD) in
dant in nature and play important roles in many biolog-the presence of two sulfur-centered nucleophiles, N-
ical systems. Interest in the reactions of sulfur-con-acetylcysteine (NACySH) and thiourea (TU), and have
taining nucleophilic compounds with catechol-derivedcharacterized the adducts and reaction pathways.
quinones has increased since several cysteinyl deriva-NADA and NBAD react similarly, but their adducts
tives of catecholamines were detected in neural tissues.with NACySH and TU were formed regioselectively.

NACySH yields mainly 5-adducts and TU only 6-ad- The 5-S-cysteinyl adduct of dopamine (DA),3 5-S-cystei-
ducts. The NACySH adducts are oxidized more easily nylDA, was first identified in dopaminergic regions of
than the parent N-acyldopamine, and their oxidations mammalian brain in 1985 (1). Because of its possible
are chemically reversible. However, the TU adducts significance as an index of oxidative stress in the aging
are more difficult to oxidize, and their oxidation prod- process and in neurodegenerative disorders, such as
ucts undergo further chemical reactions. An intramo- Parkinson’s disease, this DA metabolite has attracted
lecular base catalysis mechanism for adduct formation substantial attention (1–5). Recently, 5-S-cysteinylDA
with NACySH is proposed, which facilitates removal has been suggested to be a precursor of neuromelanin
of the proton from the sulfhydryl group of NACySH (6–8). Cysteine adducts of 3,4-dihydroxyphenylalanine
and directs formation of the 5-adduct via a 1,6-Michael (DOPA) also have been detected in human and other
addition reaction. The absence of a proton on the thio- mammalian brain tissues (1–3) and in the urine of
ureylene sulfur atom leads to formation of the 6-thio- patients with malignant melanomas (9). Two thio-ad-ureylene adduct via a 1,4-Michael addition reaction of ducts of DOPA, 5-S-cysteinylDOPA and 5-S-glutathio-TU. This mechanism is consistent with the formation

nylDOPA, are present in melanoma tissues (10–12).of other sulfur-centered adducts of catechols pre-
viously reported in the literature. q 1998 Academic Press
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20 HUANG ET AL.

Possible cellular sources of thiol-containing nucleo- Little work has been done so far on the reaction of N-
acyldopamine quinones with sulfur-centered nucleo-philes are L-cysteine, glutathione, and proteins con-

taining cysteinyl residues. An in vitro study demon- philes.
The objectives of this study were to elucidate thestrated that DOPA quinone formed by incubation of

DOPA with tyrosinase bound to proteins through sulf- oxidative pathways of NADA and NBAD; to character-
ize the major reaction products of their quinones withhydryl groups of cysteine (13). CysteinylDA conjugates

resulting from the reactions between DA quinone and two sulfur-centered nucleophiles, NACySH and thio-
urea (TU); and to determine the mechanisms and regio-protein cysteinyl residues were produced following in-

cubation of rat neostriata slices with [3H]DA (14). Some selectivity of adduct formation.
compounds containing SH groups can inhibit melanin
formation after DA oxidation in the nervous system EXPERIMENTAL
(15). Melanin formation is associated with Parkinson’s Chemicals. The following chemicals were obtained from commer-
disease, where DA-containing cells are susceptible to cial sources: NADA, NACySH (Sigma Chemical Co., St. Louis, MO)4;

formic acid, ammonium formate, disodium ethylenediaminetetraace-degeneration (16, 17). The inhibitory role of thiols on
tate (EDTA) (Fisher Scientific Co., Pittsburgh, PA); TU (Allied Chem-melanin formation appears to depend mainly on the
ical, Morristown, NJ); and methanol (HPLC grade, UV cutoff 204addition of SH-nucleophilic compounds to DA quinone,
nm) (Baxter Healthcare Corporation, Burdick & Jackson Division,

resulting in the production of thio-adducts of DA (15, Muskegon, MI). NBAD was synthesized as described previously (33).
18–21). Quinones were prepared by electrochemical oxidation using either a

coulometric microcell for analytical scale synthesis or a coulometricIn addition to compounds containing the SH group,
flow-through cell for semipreparative scale synthesis (33).nucleophiles containing the thioureylene moiety

Electrochemistry. A Bioanalytical Systems (West Lafayette, IN)[{HN{C(|S){NH{] affect melanogenesis and
BAS-100W electrochemical system was used. The working, reference,other biochemical processes in pigment-producing sys-
and auxiliary electrodes were a glassy carbon electrode with an area

tems in vivo (22). Several structurally related nucleo- of 7.1 mm2, an Ag/AgCl (saturated KCl) electrode, and a Pt wire
philic thioureylenes effectively suppress dopachrome electrode, respectively. Cyclic voltammetry (CV) was performed on

N-acyldopamines in the absence and presence of varying concentra-and subsequent pigment formation by reacting with
tions of nucleophiles and on their adducts in 0.1 M phosphate bufferDOPA quinone (23).
(pH 7.0). The scan rate was 200 mV/s unless otherwise noted. Chro-Two N-acyl derivatives of DA, N-acetyldopamine noamperometry was performed on 0.3 mM N-acyldopamines in the

(NADA) and N-b-alanyldopamine (NBAD), were of in- absence and presence of 3 mM nucleophiles in 0.1 M phosphate buffer
terest in this study. They are physiologically important (pH 7.0), using 0 and 700 mV as initial and high potentials, respec-

tively, and 1000 ms as pulse width. Data were collected in a timeas precursors for quinone metabolites that harden the
range of 10 ms to 1 s.exoskeletons of insects and related arthropods through

Liquid chromatography. Analytical and semipreparative LCadduct and cross-link formation with protein nucleo-
were conducted to analyze reaction products that resulted from mix-philic groups (24). They also have been detected in in- ing either NADA quinone or NBAD quinone with nucleophiles and

sect nervous systems (25, 26) and occur at high concen- also to purify the adducts that formed. The LC system with UV/vis
and electrochemical detection has been described previously (33).trations in the hemolymph of some insect species as
Unless otherwise noted, separation of the reaction products wasglucosyl conjugates, which serve as storage forms prior
achieved using a Microsorb-MV C18 column (5 mm, 4.6 1 250 mm)to sclerotization of new cuticle (27). NADA also has
(Rainin Instrument Co., Inc., Woburn, MA) for analytical LC and abeen found in the human kidney and urine, primarily Phenomenex (Torrance, CA) C18 semipreparative column (10 mm,

as a sulfate-conjugated form (28). It has antitumor ac- 10 1 250 mm) for semipreparative LC. The flow rates were 1ml/min
for the former and 4 ml/min for the latter. A binary mobile-phasetivity toward neuroblastoma cells in vitro, and its cyto-
system, which consisted of solvent A [150 mM formic acid, 30 mMtoxicity may arise from the reaction of NADA quinone
ammonium formate, and 0.1 mM EDTA (pH 3.0)] and solvent B [50%with nucleophilic species within the cell (29, 30).
methanol, 180 mM formic acid, 8 mM ammonium formate, and 0.1

Adduct formation of catechols in various biological mM EDTA (pH 3.0)], was used for both analytical and semiprepara-
systems involves enzyme-catalyzed oxidation of the tive LC. Four mobile-phase gradients, denoted gradients I to IV,

were used for different sample solutions. Gradient I was 0–15 min,catechols and subsequent addition reactions of the cor-
80% solvent A and 20% solvent B; and 15–30 min, linear gradientresponding o-quinones with sulfur-centered nucleo-
from 20 to 80% solvent B. This gradient was used for analytical LCphiles. However, the mechanisms of formation of many of the product mixtures produced from NADA quinone reacting with

of these adducts, which vary in structure according to TU. Gradient II was 0 min, 90% solvent A and 10% solvent B; 0–15
the nature of the reactants and reaction conditions, min, linear gradient from 10 to 14% solvent B; 15–20 min, linear

gradient from 14 to 25% solvent B; and 20–25 min, linear gradientremain unclear. Model reactions between DA and N-
from 25 to 40% solvent B. This gradient was used for analytical LCacetylcysteine (NACySH) have been carried out to elu-
of the product mixtures from the reaction of NBAD quinone withcidate the initial steps of the oxidation pathway when TU. Gradient III was 0 min, 80% solvent A and 20% solvent B; 0–

electrochemically prepared DA quinone reacted with
excess NACySH (31). Studies of exhaustive electrolysis
of DA in the presence of excess NACySH also explored 4 Mention of a proprietary product does not constitute a recommen-

dation by the USDA.some of the reactions in this oxidation pathway (32).
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21REGIOSELECTIVE REACTIONS OF N-ACYLDOPAMINE QUINONES

15 min, linear gradient from 20 to 40% solvent B; and 15–30min,
linear gradient from 40 to 50% solvent B. This gradient was used
for analytical LC of the product mixture from the reaction of NADA
quinone with N-acetylcysteine. Gradient IV was 0–1 min, 80% sol-
vent A and 20% solvent B; 1–16 min, linear gradient from 20 to 40%
solvent B; and 16–31 min, linear gradient from 40 to 45% solvent
B. This gradient was used for semipreparative LC to purify adducts
formed in the reactions of NADA quinone with NACySH.

For analytical LC of the products from the reaction of NBAD qui-
none with TU, separation was achieved on an Ultracarb 5 ODS 30
column (C18, 5 mm, 3.2 1 150 mm) (Phenomenex) at a flow rate of
0.5 ml/min. The mobile phase was 5% methanol, 150 mM formic acid,
40 mM ammonium formate, and 0.1 mM EDTA (pH 3.0).

Spectroscopy. UV/vis spectra of adducts in the mobile-phase or
0.01 M HCl solution were recorded in a 1.0-cm quartz cuvette using
a Hewlett–Packard (Palo Alto, CA) HP 8452A diode array spectro-
photometer. Characterization of adducts by electrospray ionization
mass spectrometry (ESI-MS) was carried out using either an Au-
tospec-Q (VG Analytical Ltd., Manchester, UK) equipped with a
Mark III ESI source at the University of Kansas, Lawrence, Kansas,
or a comparable instrument at the National Institute of Environmen-
tal Health Sciences, Research Triangle Park, North Carolina. Sam-
ples were dissolved in MeOH:0.1% HOAc (70:30) for infusion into
the mass spectrometers. Identifications of adducts by 1-D proton, 2-
D long-range 1H–1H correlated spectroscopy (COSY-LR) and hetero-
nuclear multiple quantum coherence correlation (HMQC) NMR ex-
periments were performed with a Varian (Palo Alto, CA) UNITYplus FIG. 1. Cyclic voltammograms of N-acyldopamines in the absence
400-MHz spectrometer at 277C or with a Varian UNITYplus 500- and presence of NACySH in 0.1M phosphate buffer at pH 7.0. The
MHz spectrometer at 307C. Adducts were dissolved in 0.7ml of either scan was initiated in the positive-going direction from 00.2 V at a
D2O or H2O:D2O (90:10). rate of 200 mV/s. (A) NADA:NADA concentration was 0.3 mM.

NACySH concentrations were 0 (—), 0.6 (---), and 1.5 mM (rrr).Syntheses of N-acyldopamine adducts of NACySH and TU. Ana-
(B) NBAD:NBAD concentration was 0.3 mM. NACySH concentra-lytical scale syntheses were achieved by mixing the electrochemically
tions were 0 (—), 0.6 (---), and 3 mM (rrr).synthesized NADA quinone or NBAD quinone solution in 0.01 M

HCl and 0.09 M KCl (pH 2) with a solution of nucleophile, NACySH
or TU, in either 0.01 M HCl (pH 2) or 0.1 M phosphate buffer (pH
7.4). Semipreparative scale syntheses were achieved by adding the

pose to give other electroactive products under theseeffluent from the flow-through coulometric cell, which contained
NADA or NBAD quinone at pH 2, into a solution of NACySH or TU reaction conditions.
in 0.1 M phosphate buffer (pH 7.4). NACySH adducts were purified When NACySH was present, the height of the anodic
using the semipreparative LC system and conditions described peak for the oxidation of NADA increased with an in-above. Each product effluent was collected and desalted using the

creasing molar ratio of NACySH to NADA; concomi-semipreparative LC column. After a product solution was injected
tantly, the height of the cathodic peak for the reductiononto the column, the salts were eluted using distilled water as the

mobile phase; then the product was eluted using 25% methanol and of NADA quinone decreased. For instance, when the
lyophilized to dryness. TU adducts were purified using a gel filtration molar ratio of NACySH to NADA was 2:1, the anodic
column packed with Bio-Gel P-2 (Bio-Rad Laboratories, Richmond, peak current for the oxidation of NADA increased byCA). The mobile phase used was 0.05% formic acid.

a factor of 2.6, whereas the cathodic peak current de-
creased approximately 50% (Fig. 1A). When the ratio

RESULTS of NACySH to NADA was 5:1, the anodic peak current
increased by a factor of 3, whereas the cathodic peakReactions of N-Acyldopamine Quinones
nearly disappeared (Fig. 1A). In a separate control ex-with N-Acetylcysteine
periment (data not shown), cyclic voltammetric study
of NACySH showed that it is not electroactive in thisCyclic voltammetric studies. The electrochemical

behavior of 0.3 mM NADA in the absence and presence potential range (00.2 to 0.6 V).
The observation that the cathodic peak largely disap-of NACySH (0 to 3 mM) in 0.1 M phosphate buffer at

pH 7.0 was studied using cyclic voltammetry at a scan peared when NACySH was present in excess suggests
that both the original and any subsequently electrogen-rate of 200 mV/s (Fig. 1A). In the absence of NACySH,

the cyclic voltammogram consists of an anodic peak at erated quinones were consumed by follow-up chemical
and homogeneous electron transfer reactions under0.22 V, which is due to the two-electron oxidation of

NADA to NADA quinone, and a cathodic peak at 0.10 these conditions. The observation that the height of
the anodic peak increased when NACySH was presentV, which is due to the reduction of the NADA quinone

back to NADA (Fig. 1A). No other discernible peak oc- indicates that NADA quinone reacted rapidly with
NACySH to form a product(s) that also was oxidized atcurred, indicating that NADA quinone did not decom-
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22 HUANG ET AL.

the potential at which NADA is oxidized. Furthermore, dominant peak at 23.9 min and the peak at 26.4 min
were identified after isolation as the adducts 5-S-(N-because the initial anodic peak corresponds to a two-

electron oxidation of NADA to NADA quinone, the in- acetylcysteinyl)-N-acetyldopamine (5-NACyS-NADA)
and 2,5-S,S*-di-(N-acetylcysteinyl)-N-acetyldopaminecrease of anodic current by a factor of 3 when excess

NACySH is present indicated that six electrons are (2,5-di-NACyS-NADA). The LC-EC (oxidation) chroma-
togram for the product mixture at pH 2.0 has a similarinvolved in the overall electron transfer process. This

result suggests that NADA quinone undergoes two suc- pattern (data not shown), with the peak at 23.9 min
(5-NACyS-NADA) also being predominant. However,cessive addition reactions, each of which generates a

more highly substituted catecholamine derivative that the peaks at 13.6 min (NADA) and 26.4 min (2,5-di-
NACyS-NADA) are much smaller than those obtainedwas oxidized at the applied potential in a two electron

process to its corresponding quinone. at pH 7.4.
5-NACyS-NADA exhibited UV absorption maxima atIn separate experiments, we attempted to determine

the kinetics of these reactions at pH 7.0 by chronoamp- lmax Å 256 and 294 nm in mobile phase and CV peaks
at Ep,a Å 0.21 V and Ep,c Å 0.15 V in 0.1 M phosphateerometry (data not shown). The potential was stepped

from a potential at which no oxidation occurs to a po- buffer at pH 7.0. ESI-MS gave m/z Å 357, which is
consistent with the theoretical M/1 value for atential that is sufficiently positive such that the oxida-

tions of NADA and NADA adducts occurred rapidly. monoaddition adduct of NACySH with NADA quinone.
1H NMR (400 MHz, in D2O) gave d 6.92 (d, J Å 2.1 Hz,Analysis of the current-time curves demonstrated that

two molecules of NACySH were added to NADA qui- 1H, H2), 6.81 (d, J Å 1.8 Hz, 1H, H6), 4.43 (dd, J Å
8.2, 4.3 Hz, 1H, H3 *), 3.44 (dd, J Å 14.4, 4.3 Hz, 1H,none rapidly. The reaction was complete within 8 ms,

which is the shortest time for which our instrumenta- H2 *a), 3.40 (t, J Å 6.7 Hz, 2H, H8), 3.21 (dd, J Å 14.4,
8.2 Hz, 1H, H2 *b), 2.71 (t, J Å 6.9 Hz, 2H, H7), 1.95tion would allow quantitative measurements. At times

longer than 8 ms, nucleophilic attack on the diadduct and 1.92 (2s, 6H, H6*, and H11).
quinone to give additional electroactive species was in- 2,5-di-NACyS-NADA exhibited UV absorption max-
dicated. ima at lmax Å 274 and 302 (sh) nm in mobile phase and

CV peaks at Ep,a Å 0.19 V and Ep,c Å 0.15 V in 0.1 MCyclic voltammograms of NBAD in the presence of
NACySH at pH 7.0 were similar to those of the NADA/ phosphate buffer at pH 7.0. ESI-MS gave m/z Å 518,

which is consistent with the theoretical M / 1 valueNACySH system, with minor differences (Fig. 1B).
While the cathodic peak in the system of NADA/ for a diaddition adduct of NACySH with NADA qui-

none. 1H NMR (400 MHz, in D2O) gave d 7.00 (s, 1H,NACySH disappeared when the molar ratio of NA-
CySH to NADA was 5:1, the cathodic peak in the sys- H6), 4.35 (dd, J Å 7.9, 4.0 Hz, 1H, H3 *), 4.23 (dd, J Å

7.9, 4.0 Hz, 1H, H3 9), 3.44 (m, 1H, H2 *a), 3.40 (m, 2H,tem of NBAD/NACySH was still discernible under
these conditions. The latter peak did disappear when H8), 3.34 (dd, J Å 14.0, 4.0 Hz, 1H, H2 9a), 3.19 (dd, J

Å 13.7, 7.6 Hz, 1H, H2 *b), 3.06 (dd, J Å 13.4, 7.3 Hz,the ratio of NACySH to NBAD is increased to 10:1,
which indicates that NBAD quinone reacted with NA- 2H, H7), 2.97 (dd, J Å 13.9, 7.0 Hz, 1H, H2 9b), 1.94,

1.88, and 1.87 (3s, 9H, H6*, H69, and H11). BecauseCySH at a rate slower than NADA quinone. As in the
NADA/NACySH system, the anodic peak for the oxida- the spectral pattern of this compound is comparable

to that of 2,5-S,S*-di-(N-acetylcysteinyl)DA, which wastion of NBAD increased by a factor of 3 when the ratio
of NACySH to NBAD was 10. Like the oxidation of produced from the reaction of DA quinone and

NACySH (31), and also because the ring C6 site of theNADA to NADA quinone, the oxidation of NBAD to
NBAD quinone involves two electrons. Therefore, the catecholamine quinones is the least reactive toward

thiol nucleophiles (31), this adduct is identified as theobservation that the anodic current increased by a fac-
tor of 3 when NACySH was present in relatively large 2,5-disubstituted adduct.
excess suggests that NBAD quinone also undergoes two Relative molar ratios of the N-acetylcysteine adducts.
successive addition reactions to form more highly sub- The relative molar ratios of 5-NACyS-NADA and 2,5-
stituted catecholamines that are also electroactive at di-NACyS-NADA that were produced from the reac-
the applied potential. tions of NADA quinone (0.3 mM) with NACySH (1.5

mM) at pH 7.4 and 2 were estimated from spectroscopicCharacterization of reaction products. The composi-
tion of the product mixture from incubating 0.4 ml 1 data obtained during LC. Two chromatograms at 294

and 274 nm, which are the lmax values of 5-NACyS-mM NADA quinone with 0.2 ml 10 mM NACySH (1:5
molar ratio) at pH 7.4 was analyzed by LC-EC (oxida- NADA and 2,5-di-NACyS-NADA, respectively, were ob-

tained by extracting absorbances from the on-line UV/tion), and the chromatogram showed several well-re-
solved peaks (Fig. 2). By comparison with standard vis spectra recorded during LC (data not shown). The

ratio of the area of the chromatographic peak for 5-compounds, the peak at 13.6 min corresponds to NADA
and the peak at 5.2 min is due to NACySH. The pre- NACyS-NADA at its lmax of 294 nm to the area of the
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23REGIOSELECTIVE REACTIONS OF N-ACYLDOPAMINE QUINONES

FIG. 2. LC-EC (oxidation) chromatogram of the product mixture from the reaction of NADA quinone with NACySH (1:5 molar ratio) at
pH 7.4. Peaks were identified as follows: NACySH, 5.2 min; NADA, 13.6 min; 5-NACyS-NADA, 23.9 min; and 2,5-di-NACyS-NADA, 26.4
min. Unknown product (possibly 2-NACyS-NADA), 17.2 min.

chromatographic peak for 2,5-di-NACyS-NADA at its gram of either catecholamine in the presence of TU on
lmax of 274 nm was calculated. The molar absorption the first cycle, changes in cyclic voltammetric behavior
coefficients reported in the literature (31) for the analo- of the catecholamines are observed during subsequent
gous C5 monoaddition and C2,5 diaddition N-acetylcys- cycles (Figs. 3A and 3B). In both systems, a second
teine adducts of DA were used for the adducts of NADA, anodic peak appears at a more positive potential,
because the DA adducts and the NADA adducts have whereas the cathodic peak shifts to a less positive po-
the same lmax values at 294 and 274 nm for monoaddi- tential with an increasing number of cycles. Addition-
tion (C5) and diaddition (C2,5), respectively. If the ratio ally, both anodic and cathodic peaks for NADA/NADA
of the molar absorption coefficient of 5-NACyS-NADA quinone or NBAD/NBAD quinone gradually decrease
to that of 2,5-di-NACyS-NADA is assumed to be the in height. These data indicate that products formed
same as the ratio of the analogous C5 monoaddition to are less chemically and/or electrochemically reversible
C2,5 diaddition adducts of DA, which is 1:4, then the than the starting material. In addition, the new anodic
relative molar ratio of the adducts 5-NACyS-NADA peak that is observed at a more positive potential indi-
and 2,5-di-NACyS-NADA would be approximately 10:1 cates the occurrence of a reaction between the quinone
at pH 7.4 and 32:1 at pH 2.0. and TU to give an electroactive product(s) that is oxi-

dized at a more positive potential. Furthermore, the
Reactions of N-Acyldopamine Quinones with Thiourea relative ratio of the new anodic peak current to the

initial anodic peak current is greater in the NADA/TUCyclic voltammetric studies. The electrochemical
system (Fig. 3A) than in the NBAD/TU system (Fig.behavior of 0.3 mM NADA or NBAD in the presence of
3B), indicating that the reaction of NADA quinone withTU in 0.1 M phosphate buffer at pH 7.0 was studied
TU is faster than that of NBAD quinone with TU.using cyclic voltammetry. The concentration of TU

A significant increase in the background current wasranged from 0.3 to 6 mM (1 ° [TU]/[NADA or NBAD]
observed in the potential range from 0.4 to 0.6 V (Figs.° 20). Although there is no discernible evidence for a

follow-up chemical reaction in the cyclic voltammo- 3A and 3B), which is due to the irreversible oxidation
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24 HUANG ET AL.

TU with NADA quinone. 1H NMR (500 MHz, in
H2O:D2O Å 90:10) gave d 7.82 (s, 1H, NH9), 7.07 (s,
1H, H5), 6.87 (s, 1H, H2), 3.29 (dt, J Å 5.3, 5.3 Hz, 2H,
H8), 2.76 (t, J Å 5.3 Hz, 2H, H7), and 1.81 (s, 3H, H11).
These assignments were confirmed by 2-D HMQC and
COSY-LR. In COSY-LR, H2 shows connectivities with
both H5 and H7, whereas H5 shows connectivity only
with H2.

The composition of the product mixture that results
from the reaction of NBAD quinone with TU also was
studied using a different mobile-phase system (see Ex-
perimental for details). NBAD eluted as a minor peak
at 9.7 min. Only one major product was detected at
5.6 min in the LC-EC (oxidation) chromatogram, which
was identified after isolation as the adduct 6-S-thio-
urea-N-b-alanyldopamine (6-TU-NBAD).

6-TU-NBAD exhibited UV absorption maxima at lmax

Å 246 and 288 nm in 0.01 M HCl and a CV peak at
Ep,a Å 0.31 V in 0.1 M phosphate buffer at pH 7.0 (no
cathodic peak). ESI-MS gave m/z Å 299, which is con-
sistent with the theoretical M/ 1 value for a monoaddi-

FIG. 3. Cyclic voltammogram of (A) NADA and (B) NBAD in the tion adduct of TU with NBAD quinone. 1H NMR (500
presence of TU in 0.1 M phosphate buffer at pH 7.0. The scan was MHz, in H2O:D2O Å 90:10) gave d 7.98 (s, 1H, NH9),
initiated in the positive-going direction from 00.2 V at a rate of 200 7.09 (s, 1H, H5), 6.86 (s, 1H, H2), 3.33 (dt, J Å 5.3, 5.3mV/s. Concentrations of NADA and NBAD were 0.3 mM and that of

Hz, 2H, H8), 3.08 (t, J Å 5.3 Hz, 2H, H12), 2.77 (t, JTU was 1.5 mM.
Å 5.3 Hz, 2H, H7), and 2.49 (t, J Å 5.3 Hz, 2H, H11).
These assignments were confirmed by 2-D HMQC and
COSY-LR. In COSY-LR, H2 shows connectivities with

of TU. In the cyclic voltammogram of TU (data not both H5 and H7, whereas H5 shows connectivity only
shown), the oxidation on the first positive-going sweep with H2.
begins around 0.22 V and increases to give an ill- Electrochemical behavior of thiourea adducts. The
formed peak near 0.55 V. Successive scans indicate cyclic voltammetric behavior of 6-TU-NADA and 6-TU-
that the subsequent oxidations occur with more and NBAD in 0.1 M phosphate buffer at pH 7.0 was exam-
more difficulty, suggesting that the oxidation of TU ined at a scan rate of 200 mV/s (Fig. 5). The anodic
gives rise to some type of product that oxidizes less peak that corresponds to the oxidation of 6-TU-NADA
readily than the starting material. occurs at 0.32 V (Fig. 5A), whereas the anodic peak

Characterization of reaction products. The composi- that corresponds to the oxidation of 6-TU-NBAD occurs
tion of the product mixture that results from incubat- at 0.31 V (Fig. 5B). No corresponding cathodic peak for
ing 0.4 ml 1 mM NADA quinone with 0.2 ml 10 mM reduction of the quinone back to the adduct occurred in
TU (1:5 molar ratio) at either pH 7.4 or pH 2.0 was either voltammogram at this scan rate, demonstrating
analyzed by LC. The LC-EC (oxidation) chromatogram that both adducts are oxidized irreversibly. The anodic
of products at pH 7.4 is shown in Fig. 4. The chromato- peak current in the second cycle is also significantly
grams for either reaction condition are quite similar, smaller than one would expect for a reversible process.
except that the small unidentified minor peak at 12.2 This result, along with the absence of a cathodic peak
min in the chromatogram of the reaction mixture at for reduction of the adduct quinone, suggests that the
pH 7.4 is not observed in the reaction mixture at pH adduct quinone is being consumed to give an unknown
2.0 (data not shown). Peaks at 3.4 and 17.5 min are product(s). The small anodic peak at approximately
due to TU and NADA, respectively. The major peak at 0.52 V might be due to the oxidation of the unknown
10.1 min is due to a reaction product, which was identi- product(s).
fied after isolation as the adduct 6-S-thiourea-N-acetyl-
dopamine (6-TU-NADA).

DISCUSSION6-TU-NADA exhibited UV absorption maxima at lmax

Å 246 and 288 nm in 0.01 M HCl, and a CV peak at A mechanism for reactions that occur during cyclic
voltammetry of NADA in the presence of a large excessEp,a Å 0.32 V in 0.1 M phosphate buffer at pH 7.0.

ESI-MS gave m/z Å 270, which is consistent with the of NACySH is proposed in Scheme 1. First, NADA is
oxidized to form NADA quinone at the electrode surfacetheoretical M / 1 value for a monoaddition adduct of
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FIG. 4. LC-EC (oxidation) chromatogram of the product mixture from the reaction of NADA quinone with TU (1:5 molar ratio) at pH 7.4.
Peaks were identified as follows: TU, 3.4 min; NADA, 17.5 min; and 6-TU-NADA, 10.1 min.

(reaction 1). NADA quinone, after diffusing to the bulk
solution, is subject to nucleophilic addition by NACySH
to form a monoaddition adduct (reaction 2). The adduct
formed is oxidized to its corresponding quinone either
electrochemically at the electrode surface (reaction 3)
or chemically in the bulk solution by NADA quinone
(reaction 4). A second nucleophilic addition of NACySH
occurs with the quinone of the monoaddition adduct
(reaction 5). The diaddition adduct thus produced is
oxidized to its corresponding quinone by three possible
routes, one of which is electrochemical at the electrode
surface (reaction 7), whereas the remaining two involve
homogeneous electron transfer with either NADA qui-
none (reaction 6) or the quinone of the monoaddition
adduct (reaction 8). The homogeneous redox reactions
are facile, because the oxidation potentials of NADA,
its monoaddition NACySH adduct, and its diaddition
NACySH adduct decrease in order of increasing substi-
tution.

The substantial decrease of the cathodic peak during
cyclic voltammetry of NADA in the presence of large
excess NACySH is the result of quinones being con-
sumed rapidly on the time scale of the experiment. ItFIG. 5. Cyclic voltammogram of (A) 6-TU-NADA and (B) 6-TU-
is possible that this might also be due to homogeneousNBAD in 0.1 M phosphate buffer at pH 7.0. The scan was initiated

in the positive-going direction from 00.2 V at a rate of 200 mV/s. chemical oxidation of NACySH by the product o-qui-
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Scheme 1 (reactions 2, 4, and 5) are the principal reac-
tions under these conditions. The LC results for a prod-
uct mixture from incubating NADA quinone with
NACySH at a 1:5 ratio show that (1) the predominant
species in the product mixture is the C5 monoaddition
adduct, (2) only a small amount of NADA is produced,
and (3) the chromatographic peak area of 2,5-di-
NACySH NADA is approximately equal to that of
NADA (Fig. 2). On the basis of these results, a reaction
pathway is proposed for the quinone with a large excess
of nucleophile (Scheme 2). First, the nucleophile at-
tacks the quinone principally at C5 on the aromatic
ring to form 5-NACyS-NADA (reaction 1). A small por-
tion of the adduct is oxidized subsequently by unre-
acted NADA quinone, producing 5-NACyS-NADA qui-
none and generating NADA (reaction 2). 5-NACyS-
NADA quinone is attacked subsequently by a second
molecule of nucleophile at C2 on the ring to form 2,5-
di-NACySH-NADA (reaction 3). According to the pro-
posed scheme, the amount of the diadduct found should
equal the amount of NADA that is recovered. The LC
results are consistent with this expectation.

The NADA/NACySH system is quite similar to the
DA/NACySH system, which was studied previously by

SCHEME 1. Proposed reaction pathways for the electrooxidation
of NADA in the presence of NACySH.

nones. While this possibility cannot be ruled out un-
equivocally, NACySH was shown to be electroinactive
in this potential range and, thus, unlikely to be oxi-
dized by any adduct o-quinone.

The increase of anodic current in the presence of
NACySH is due to the relatively rapid reactions of the
nucleophile with NADA quinone and 5-NACyS-NADA
quinone and the oxidation of the adducts at the applied
potential. Because the oxidations of NADA and its ad-
ducts to their corresponding quinones involve two elec-
trons per molecule, the increase of the anodic current
by a factor of 3 indicates that the stepwise additions of
two molecules of nucleophile for each NADA molecule
that is originally present result in six electrons overall
being transferred. Because NBAD and NADA have a
similar cyclic voltammetric behavior in the presence of
NACySH, the pathway proposed in Scheme 1 also ap-
plies to the reactions of NBAD with NACySH during
cyclic voltammetry.

When compared with the pathway for reactions that
occur during cyclic voltammetric oxidation of NADA or
NBAD in the presence of NACySH, the pathway for
reactions of the pregenerated catecholamine quinone
with a large excess of NACySH under nonelectrolyzing
conditions is somewhat less complicated. The nucleo- SCHEME 2. Adduct formation from reactions of NADA quinone

with NACySH.philic addition and homogeneous redox reactions of
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our group (31), in terms of both cyclic voltammetric tion of 4-methylcatechol with cysteine (35), and DA and
cysteine incubated in presence of H2O2 and eitherbehavior of the catecholamines in the presence of

alarge excess of NACySH and LC chromatographic be- Fe2/–EDTA or peroxidase (4). On the other hand, small
amounts of C6 adducts have been obtained from thehavior of the product mixtures obtained from the reac-

tions of catecholamine quinones with NACySH. In both tyrosinase-catalyzed oxidation of DOPA and conjuga-
tion of DOPA quinone with cysteine and glutathione,systems, the predominant product is the C5 monoaddi-

tion adduct, and the second major product is the C2,5 at relative percentages of only approximately 1 and 5%,
respectively (9, 10). In the reaction of 4-methylcatecholdiaddition adduct. Another monoaddition adduct (C2

adduct) was detected in the DA quinone/NACySH reac- quinone and thioacetic acid, a C6 adduct was formed
predominantly when the reaction was carried out un-tion system. Based on a comparison of the LC chro-

matographic patterns, the minor product giving rise to der basic conditions, whereas the C5 adduct was the
predominant product when the reaction occurred undera small peak at 17.2 min in Fig. 2 for NADA quinone/

NACySH reaction system, which was not identified be- acidic or neutral conditions (36).
The C2,5 diaddition adduct is the second major prod-cause of the limited amount formed, might be analo-

gous to the C2 monoaddition adduct in the reaction uct resulting from the reactions of NADA quinone and
NACySH. No diaddition adduct of NADA has been re-system of DA quinone/NACySH.

A C2 adduct of DA, 2-cysteinylDA, also was identified ported previously to our knowledge. When NADA and
NACySH were incubated in the presence of an insectwhen DA and cysteine were incubated in the presence

of H2O2 with either Fe2/–EDTA or peroxidase (4). C2 cuticular phenoloxidase, only the C5 monoadduct of
NADA was detected (34). However, C2,5 diaddition ad-adducts of other catechols, 2-cysteinylDOPA and 2-glu-

tathionylDOPA, also have been obtained from the tyro- ducts of DA and other catechols have been reported in
vitro (31). For example, the C2,5 diaddition NACySHsinase-catalyzed oxidation of DOPA and conjugation of

DOPA quinone with cysteine and glutathione, respec- adduct of 4-methylcatechol was identified when 4-
methylcatechol and NACySH were incubated in thetively (9, 10). 2-CysteinylDOPA and 5-cysteinylDOPA

also were detected in ratios ranging from approxi- presence of an insect cuticular phenoloxidase prepara-
tion (34). The C2,5 diaddition cysteinyl adduct of DOPAmately 1:6 to 1:4 in acid-hydrolyzed reaction products

obtained after DOPA and several proteins were incu- was formed when DOPA and cysteine were incubated
in the presence of mushroom tyrosinase (9).bated with tyrosinase (13). However, no C2 adducts

were identified in cuticular phenoloxidase-catalyzed re- As shown above, 5-NACyS-NADA is the predominant
product resulting from the reaction of NADA quinoneactions of NACySH with either 4-methylcatechol or

NADA (34) or in apple phenoloxidase-catalyzed reac- and NACySH. In other studies (4, 9, 10, 13, 18, 19, 31,
34, 35), similar C5 thio-adducts of various catecholstions of cysteine with 4-methylcatechol (35).

Although all unsubstituted sites on the ring of the are either the sole or the predominant products identi-
fied. On the basis of these results, we can conclude thatquinones of DA, NADA, and NBAD could be attacked

by a nucleophile, only two successive additions account nucleophiles containing a sulfhydryl group, such as
NACySH, cysteine, glutathione, and proteins con-for the results under our reaction conditions. This is

evidenced by (1) the observation from cyclic voltamme- taining cysteinyl residues, predominantly attack cate-
cholamine quinones at C5 of the aromatic ring undertry that the anodic current increases by a factor of 3

when the sulfur-centered nucleophile is added in ex- physiological conditions.
Reactions of catecholamines that involve other typescess, (2) the results from LC showing that the diaddi-

tion adduct is produced at a significant level, and (3) of sulfur-centered nucleophiles, such as compounds
that contain the thioureylene moiety, are not as wellthe lack of a LC peak where a triaddition product would

be expected. Although the possible formation of a triad- documented as those involving compounds containing
the sulfhydryl group. Our cyclic voltammetric resultsdition adduct cannot be precluded, our results clearly

show that the third nucleophilic attack must occur of NADA and NBAD in the presence of TU show that
reactions of NADA and NBAD quinones with TU aremuch more slowly. To our knowledge, a tri-cysteine

addition product of dopamine is produced only when relatively slow on the time scale of cyclic voltammetry.
Because TU adducts have more positive oxidation po-DA undergoes exhaustive electrolysis in the presence

of excess cysteine (18, 32). tentials than the corresponding catecholamines, ho-
mogenous redox reactions involving the oxidation ofNo C6 adduct was detected in the reaction system of

NADA quinone with NACySH, and no C6 monoadduct TU adducts by the catecholamine quinones occur much
more slowly. This is consistent with our chromato-has been reported in any of the following systems at pH

Ç7: DA quinone with NACySH (31), DA electrolyzed in graphic results of the product mixture from the reac-
tion of NADA quinone or NBAD quinone with a largethe presence of cysteine (18), cuticular phenoloxidase-

catalyzed reaction of 4-methylcatechol or NADA with excess of TU under nonelectrolyzing conditions. No di-
addition adduct was detected in either system.NACySH (34), apple polyphenoloxidase-catalyzed reac-
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SCHEME 3. Adduct formation from reactions of NADA quinone (A) and NBAD quinone (B) with thiourea.

The pathway for adduct formation from reactions of nucleophilic attack by NACySH and TU. The former
nucleophile predominantly attacked the C5 position ofeither quinone with TU is shown in Scheme 3. TU at-

tacks NADA and NBAD quinones at the C6 position of the aromatic ring of catecholamine quinones and re-
lated compounds, whereas the latter attacked the C6the aromatic ring, forming the corresponding adducts.

Reactions between 2-thiouracil and DOPA quinone also position. The mechanism responsible for the regioselec-
tivity of the ring adducts has remained unclear, al-result in formation of the C6 adduct, 6-thiouracil-

DOPA (4). To our knowledge, no reactions of NADA though several hypotheses have been proposed (34, 36).
For nucleophilic addition reactions of 4-methylcatecholand NBAD quinones with thioureylene-containing nu-

cleophiles have been studied previously. quinone (36), the regioselective outcomes of sulfur-cen-
tered nucleophiles were rationalized in terms of theComparison of reactivity between the two sulfur-

centered nucleophiles, NACySH and TU, with NADA characteristics of the nucleophiles: anionic nucleo-
philes, which are highly reactive, attack the more elec-and NBAD quinones shows notable differences.

Based on qualitative data from the cyclic voltamme- tropositive C6 position of the quinone ring, whereas
neutral nucleophiles, which are less reactive, attacktric studies, nucleophilic addition of NACySH occurs

several orders of magnitude faster than TU. Thus, the less sterically hindered C5 position. In the explana-
tion proposed by Sugumaran et al. (34) for the forma-NACySH is a substantially better trapping agent for

quinones than is TU. tion of 5-cysteinylDOPA from the reaction of DOPA
quinone with cysteine, cysteine was considered a betterThe redox behaviors of the catecholamine adducts of

NACySH and TU also differ: NACySH adducts of reductant than a nucleophile, and adduct formation
was hypothesized to be the result of a radical reaction.NADA and NBAD are oxidized at less positive poten-

tials than the corresponding catecholamines and their We propose an intramolecular base-catalyzed mecha-
nism to explain the regioselective outcomes (Schemeoxidations are chemically reversible, whereas oxidation

of TU adducts occurs irreversibly and at more positive 4). Because C6 is the most electropositive site on the
o-quinone ring, nucleophilic attack normally should oc-potentials than the corresponding catecholamines.

Therefore, NACySH adducts readily undergo homoge- cur at the C6 position in a 1,4-Michael addition reac-
tion. This is the case for the addition reactions of thio-neous redox reactions with quinones of corresponding

parent catecholamines, whereas TU adducts are much ureylene-containing nucleophiles, such as TU. How-
ever, when the nucleophilic center carries a proton thatless likely to do so. As a consequence, the pathway for

reactions of quinones with NACySH is more complex must be removed during nucleophilic attack, the car-
bonyl group at the C4 position of the o-quinone ringthan that for quinones with TU.

An interesting difference in the reactivities of sulfur- can form a hydrogen bond with the nucleophile as the
nucleophilic center attacks at the C5 position. Intramo-centered nucleophiles is the regioselective outcome of
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SCHEME 4. Mechanism for regioselective nucleophilic additions of o-quinones.

lecular base catalysis increases the nucleophilicity of intramolecular base catalysis involving the carbonyl
group at C4 would greatly increase the rate of additionthe nucleophile and facilitates formation of the C5 ad-

duct. This is the case for the addition reactions of SH– of the nucleophile to the C5 position. Likewise, the for-
mation of disubstituted products of NACySH and qui-containing nucleophiles, such as NACySH.

The mechanism proposed here for the regioselectivi- nones, the major products of which are the 2,5-adducts,
is consistent with an intramolecular base-catalyzedties of the addition of nucleophiles to aromatic rings of

o-quinones is consistent with related observations in mechanism in which the proton on the second thiol
nucleophile forms a hydrogen bond with the C3 car-the literature. For example, C5 adducts have been ob-

tained as predominant products from addition reac- bonyl group of the quinone.
tions of various catechol quinones with SH-containing
nucleophiles such as cysteine, NACySH, and glutathi-
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